The structural and magnetic interactions in stoichiometric (Mn 3 SnC), carbon deficient (Mn 3 SnC 0.8 ) and tin deficient (Mn 3 Sn 0.85 C) antiperovskite compounds are studied using x-ray absorption fine structure spectroscopy and neutron diffraction. The study confirms the presence of local structural distortions only around Mn atoms in the antiperovskite compounds irrespective of their stoichiometry. The distortions in the Mn 6 C octahedra are such that only Mn atoms are displaced from their crystallographic positions resulting in long and short Mn-Mn bonds. These long and short Mn-Mn bonds are responsible for presence of ferromagnetic and antiferromagnetic moments on Mn atoms. The C deficiency at the center of the octahedra increases the strain on the Mn 6 C octahedra and results in a wide variation of Mn-Mn bond distances as a function of temperature and large hysteresis in magnetic properties. On the other hand, Sn deficiency tends to relax strain by giving more space for the octahedra to distort leading to temperature independent Mn-Mn bond distances.
Introduction
Mn 3 SnC belongs to a class of compounds called antiperovskites which display a slew of interesting properties like giant negative thermal expansion [1, 2] , near-zero temperature coefficient of resistance [3, 4] , large magnetocaloric effect (MCE) [5, 6, 7] , giant magnetoresistance (GMR) [8, 9, 10] , etc. These compounds crystallize in the famous cubic perovskite structure (ABX 3 ) but with Mn atoms occupying the centers of cube faces (X sites) and forming a octahedral cage around a non metal atom like C or N which occupy the B sites and have attracted attention over past several years [11, 12, 13] .
Mn 3 SnC itself exhibits a large magnetic entropy change near room temperature (∆S max ∼ 10.37 J/Kg-K under a magnetic field change of 2T ) which is associated with a first order phase transition from a low volume cubic paramagnetic high temperature phase to a high volume cubic low temperature phase with complex magnetic order [14, 15] . Here in, two of the three manganese atoms align antiferromagnetically with their spins pointing in the x − y plane while the third Mn atom carries a pure ferromagnetic moment of 0.7±0.4µ B along the 001 direction [15] . Therefore, unlike the cubic crystal structure, the tetragonal antiferromagnetic unit cell (a √ 2, a √ 2, a) of Mn 3 SnC is generated using a propagation vector k = , 0 . Recent time dependent magnetization studies on Mn 3 SnC have shown that upon transformation, all the three Mn spins first order ferromagnetically along 001 direction and only later, two of them flip to order antiferromagnetically in the x − y plane [16] . Such a flipping of Mn spins causes mechanical strain which is in addition to the strain produced due to change in unit cell volume at the phase transition.
The strain on the Mn 6 C functional units can be effectively modulated by changing the A site atom in such Mn based antiperovskites and even render the resulting compounds functional. In Mn 3 Cu 1−x Ge x N critical substitution of Cu by Ge results in large negative thermal expansion at about room temperature [17] . On the other hand, replacement of Sn by Mn in Mn 3+x Sn 1−x C results in a change in nature of transition from first order to second order [18] . The A site induced strain also modifies the magnetic and magnetocaloric properties of Mn 3 Ga 1−x Sn x C compounds [19, 20] . Local structural distortions around Mn in Mn 3 GaC and Mn 3 SnC leads to long and short Mn-Mn bonds. X-ray absorption fine structure (XAFS) studies have shown that the separation between the long and short Mn-Mn distances is much wider in Mn 3 GaC [21] compared to that in Mn 3 SnC [15] . Such a separation in Mn-Mn distances has an important implication on the magnetic ground state in the two antiperovskite compounds and can be related to the strain imposed on the Mn 6 C octahedra by different types of A site atoms. Thus, though the crystal structure is cubic in both the phases, the local symmetry around Mn atoms is different and also leads to different thermal variation of Mn-Mn bond distances as compared to lattice constant. Stoichiometry of the B site atom also critically affects the magnetic ground state of Mn 3 AC and Mn 3 AN antiperovskites. It is believed that Mn 3d -C 2p hybridization plays an important role in strengthening the antiferromagnetic order in such compounds [22] . In Mn 3 GaC, a deficiency of C suppresses the first order antiferromagnetic transition rendering the material ferromagnetic [23, 24] . A systematic alteration of B site composition allows for a control over the magnetic interactions as well as hysteresis at the first order transition [25, 26] . Thermal expansion as well as magnetic ground state can be effectively tuned by Zn vacancies in Mn 3 ZnN antiperovskites [27] .
Recently, a detailed analysis magnetic properties of carbon deficient Mn 3 SnC x (x = 1, 0.95, 0.9, 0.85, 0.8) and tin deficient Mn 3 Sn y C (y = 1, 0.95, 0.9, 0.85) showed that C deficiency strengthens ferromagnetic interactions at the expense of antiferromagnetic interactions while Sn deficiency tends to strengthen both, ferromagnetic and antiferromagnetic interactions [28] . These changes in magnetic interactions were attributed to changes in effective strain experienced by the Mn 6 C functional units. It was hypothesized that C deficiency increases the tensile strain on the Mn 6 C octahedra which elongate the Mn-Mn bonds and thus strengthening ferromagnetic interactions. On the other hand, Sn deficiency seems to ease out the strain on the octahedral units resulting in more distorted Mn 6 C octahedra compared to those in stoichiometric Mn 3 SnC.
To verify the above scenario in carbon deficient and tin deficient Mn 3 SnC, it is therefore necessary to gain an understanding of atomic magnetic moments on the Mn atoms as well as study the changes in Mn local structure in C and Sn deficient Mn 3 SnC in comparison to those in the stoichiometric compound. To achieve these objectives, we have carried out temperature dependent neutron diffraction and Sn K and Mn K edge XAFS studies on Mn 3 SnC, Mn 3 SnC 0.8 and Mn 3 Sn 0.85 C. It is found that carbon deficiency results in an interplay of interactions between nearest and next nearest Mn-Mn bonds while Sn deficiency presents more space for the Mn 6 C octahedra to distort. These local structural changes affect the magnetic interactions between Mn atoms resulting in observed magnetic properties.
Experimental
Polycrystalline Mn 3 SnC, Mn 3 SnC 0.8 and Mn 3 Sn 0.85 C samples were prepared by solid state reaction method by thoroughly mixing the constituent elements, Mn, Sn and C in their stoichiometric ratio of 3:1:1, 3:1:0.8 and 3:0.85:1 respectively. A 15% extra graphite powder was added to each mixture in order to make up for possible carbon losses during reaction [29] . The mixture was then pressed into pellet, sealed in an evacuated quartz tube and sintered first at 1073K for 48 hours and then at 1150K for 120 hours [14] . After cooling to room temperature the samples were powdered, mixed thoroughly and annealed again to obtain a homogeneous sample. Crystal structure and phase purity of samples were confirmed via room temperature x-ray diffraction (XRD) study using a Rigaku diffractometer housed on a 18kW rotating anode x-ray generator with Cu anode. For these measurements, the generator was operated at 4kW (40 kV, 100 mA) and the scans were recorded at a speed of 1
• /minute and with a step of 0.02
• . Magnetization measurements were performed using a SQUID magnetometer in an applied field of 100 Oe. Magnetization was measured from 5K to 300K by first cooling the sample in zero applied field (zero field cooled -ZFC). Magnetization was also measured during subsequent cooling (FCC) and warming cycles (FCW) in the same applied field of 100 Oe. In order to understand the magnetic spin alignment in the three compounds, neutron diffraction patterns were recorded as a function of temperature on PD2 diffractometer (λ = 1.2443Å)at Dhruva reactor, Bhabha Atomic Research Centre, Mumbai, India. The samples were first cooled down to 6K and the data were recorded during warming. The patterns were Rietveld refined using FullProf suite [30] . XAFS data at the Mn K edge (6539 eV) and Sn K edge (29200 eV) were collected in transmission mode at selected temperatures between 50K and 300K during warming at the P65 beamline at PETRA III Synchrotron at DESY, Hamburg Germany. The absorbers of appropriate thickness for Mn edge were prepared by sprinkling finely powdered samples on tape and stacking such layers to optimize the edge jump. For Sn edge, pellets of a mixture of required amounts of sample powder and graphite were used. Further, the XAFS (χ(k)) signal is extracted by reducing the K edge data using well established procedures in the Demeter program [31] . Figure 1 (b). As evidenced from hysteresis between FCC and FCW curves, all the three compounds display a first order magnetic transition from a paramagnetic state to a state with complex magnetic order. While the magnetostructural transition temperature T ms = 284K and the narrow hysteresis observed in Mn 3 SnC is in agreement with that reported in literature earlier [14, 15] , a considerably broad hysteresis extending from T ms = 275K down to 170K is seen in Mn 3 SnC 0.8 . In case of Mn 3 Sn 0.85 C, the magnetostructural transition itself is quite broad and the transition temperature, estimated from the minimum of the derivative curve is found to be T ms = 248K. Some hysteresis between FCC and FCW curves is also noted in case of this Sn deficient compound.
Result and Discussion
Neutron diffraction studies had highlighted the complex nature of magnetic ground state in Mn 3 SnC. The complexity was related to the fact that there are two types of magnetically distinct Mn atoms, referred to as Mn1 and Mn2, occupying the face centered lattice positions in the Mn3SnC unit cell. While the moments of the Mn2 species align ferromagnetically with a moment of 0.7 µ B along the 001 direction, those of Mn1 align antiferromagnetically with a moment of 2.4 µ B in the x-y plane. To understand the effect of Sn and C vacancies on the alignment and magnitudes of Mn moments in the antiperovskite compound temperature dependent neutron diffraction studies were carried out. Rietveld refined neutron diffraction patterns for • , corresponding to antiferromagnetic unit cell defined by propagation vector k = C (3(c) ) the ferromagnetic moment (Mn2) shows a substantial increase to about 1µ B /Mn at 6K as compared to that in Mn 3 SnC. The antiferromagnetic moment however decreases only marginally to about 2.2µ B /Mn from 2.5µ B /Mn in Mn 3 SnC. Here too, the broad magnetic transition is first order in nature as the appearance of magnetic reflections in neutron diffraction pattern is accompanied by an increase in the lattice parameter. Further, the fig. 3(d) shows that the lattice constant of Mn 3 Sn 0.85 C is smaller than those of Mn 3 SnC and Mn 3 SnC 0.8 and are in agreement with those reported from temperature dependent synchrotron x-ray diffraction measurements [28] . Thus the neutron diffraction measurements indicate that the ferromagnetic moment increases with both C and Sn vacancies and the increase being more in compound with Sn vacancies in the antiperovskite lattice. Such a trend of ferromagnetic moments obtained from neutron diffraction is in good agreement with that observed from the magnetization data [28] . However, the predicted increase in antiferromagnetic moment with Sn deficiency was not seen from neutron diffraction measurements. The time dependent magnetization study as well as field variation of entropy peak indicated that while C vacancy increases the strain on the Mn 6 C octahedra, Sn vacancy relaxes the strain and allows for a greater deformation of the Mn 6 C octahedra [28] . To understand these structural changes and their implications on magnetic interactions, XAFS studies at the Mn and Sn K edges have been carried out in all the three compounds, Mn 3 SnC, Mn 3 SnC 0.8 and Mn 3 Sn 0.85 C.
Fits to the magnitude of Fourier transform (FT) of k weighted Sn XAFS spectra recorded at 300K and 100K are shown in figure 4(a) and (b) respectively. For this, the XAFS data in the k range of 3 to 12Å −1 was transformed to R space and the same was fitted in the R range of 1 to 4Å around the absorbing atom (Sn) with structural correlations obtained from the cubic structural model. In particular, the single scattering correlations between Sn-Mn, Sn-C and Sn-Sn were used in fitting. Reasonably good fits were obtained for all the three compounds at all temperatures as can be seen from the curves presented in figure 4(a) and (b) . The bond distances obtained from the fitting also agreed well with those estimated from thermal variation of lattice constant of the three compounds, Mn 3 SnC, Mn 3 SnC 0.8 and Mn 3 Sn 0.85 C. Temperature variation of Sn-Mn and Sn-Sn bond lengths are presented in figures 4(c) and (d) respectively. These bond distances track the magnetostructural transition in the respective compounds as can be seen from the increase in Sn-Mn and Sn-Sn bond lengths at their magnetostructural transition temperature. The agreement noticed between bond distances obtained from XAFS and neutron diffraction indicate that the local symmetry around Sn atoms in all the three compounds is in consonance with the global symmetry of the lattice over the entire temperature range studied here.
Earlier study on the Mn K XAFS in Mn 3 SnC showed that the local structure around Mn is distorted such that two of the six Mn atoms in the Mn 6 C octahedra move away while the remaining four come closer to the central carbon atom [15] . Such a distortion results in long and short Mn-C, Mn-Mn and Mn-Sn bonds. The short Mn-Mn bond distances aid the antiferromagnetic interactions while the long Mn-Mn distances are responsible for the ferromagnetic moment on the Mn atom. Their relative weights were determined to be about 0.67 and 0.33 respectively [15] . Hence, hereinafter these short and long Mn-Mn bond distances are referred to as Mn-Mn AF and Mn-Mn F respectively. However, as the Sn local structure is in accordance with cubic symmetry, all the four nearest Sn-Mn bond lengths are equal. Therefore, in the present analysis of Mn K XAFS in Mn 3 SnC, Mn 3 SnC 0.8 and Mn 3 Sn 0.85 C, only one unique Mn-Sn bond distance was considered and its value was held fixed to the value obtained from the analysis of Sn K XAFS in the respective compounds. It must be noted that Mn-Mn and Mn-Sn distances contribute to the same feature in the FT of Mn XAFS spectra while there is an unique peak resulting from Sn-Mn scattering in Sn XAFS. Hence Sn-Mn bond distance obtained from Sn XAFS is more accurate and also allows for a much more reliable determination of bond distance between Mn and Sn atoms.
In order to ascertain the validity of distorted local structure around Mn in Mn 3 SnC 0.8 and Mn 3 Sn 0.85 C, Mn XAFS in these two compounds along with that recorded in Mn 3 SnC were fitted with correlations obtained from the cubic structural model as well as a model that allowed distortions mentioned above in the Mn 6 C octahedra (distorted octahedra model). In the cubic model, structural constraints according to cubic symmetry were imposed on Mn-C, Mn-Mn and Mn-Sn bond distances. While in the distorted octahedra model, all bond distances, except Mn-Sn bond distance, were allowed to vary freely. Apart from the unique Mn-Sn bond distance, the present distorted octahedra model consists of long and short Mn-Mn bond distances and a Mn-C bond distance. No distortions in the Mn-C bond were considered as its contribution to the total Mn XAFS is quite small. Figure 5 presents fits to Mn XAFS in Mn 3 SnC 0.8 ((a) and (b)) and Mn 3 Sn 0.85 C ((c) and (d)) at 300K and 50K respectively. Here too, XAFS data in the k range of 3 to 12Å −1 were Fourier transformed to R space and fitted in the range of 1 to 3Å. Fits to Mn 3 SnC were similar to those reported in Ref. [15] and hence are not shown. It can be readily seen that the local structure around Mn in both the compounds at 50K as well as 300K is better described by the distorted octahedra model than the cubic model, implying presence of local structural distortions around Mn atoms in all the three compounds irrespective of its stoichiometry. Temperature variation of the two Mn-Mn distances along with Mn-Sn distances obtained from Sn XAFS analysis in all the three compounds are plotted in figure 6 . It must be mentioned here that Mn-Sn distances plotted here in figure 6(a), (b) and (c) are the same as those plotted earlier in figure 4(d) and difference is only in the y-scale used.
Variation of Mn-Mn and Mn-Sn distances in Mn 3 SnC is shown in figure  6 (a). Although there is a general agreement with the variation and values of Mn-Mn distances reported here and those in Ref. [15] , there are also some differences. These differences could be arising due to the differences in the fitting procedures employed. While only Mn XAFS was analyzed in the previous case [15] , both Sn and Mn XAFS are analyzed in the present study. As mentioned earlier, such approach allows for a better estimate of Mn-Sn distance and by implication the Mn-Mn bond distances as well. The ratio of determined respectively for long and short Mn-Mn bond distances [15] was used in the present analysis of Mn XAFS in all three compounds. The Mn-Mn AF distance is assigned a weight of 0.67 and the Mn-Mn F distance is weighted by 0.33. Attempts to vary this ratio resulted in unphysical values of certain parameters.
The temperature evolution of Mn-Mn bond distances obtained from fitting Mn K XAFS spectra can be correlated with the observed magnetic properties. In Mn 3 SnC at T > T ms , both Mn-Mn F and Mn-Mn AF are nearly equal but shorter than Mn-Sn bond distance. At T ms , both Mn-Mn bond distances show a sudden increase and at about 275 K, they split and move in opposite directions. At 270 K, Mn-Mn AF and Mn-Mn F display respective maxima and minima followed by a decrease and increase before settling down to their final values at 250 K. At all temperature below 250K Mn-Mn F is greater than Mn-Mn AF and have temperature invariant values of bond lengths. This variation of Mn-Mn bond distances, especially the crossover between Mn-Mn F and Mn-Mn AF bond distances in the region 290K ≥ T ≥ 250 K augers well with the hysteresis seen between FCC and FCW magnetization curves reported in figure 1(b) .
A more or less similar variation of Mn-Mn bond distances is seen for Mn 3 SnC 0.8 ( Figure 6(b) ). The two Mn-Mn bond distances are almost equal to each other at T > T ms followed by a splitting that results in a much more rapid increase Mn-Mn AF distance compared to the decrease in MnMn F distance. In the entire region of transition hysteresis, as identified by hysteresis between FCC and FCW magnetization curves, Mn-Mn AF is greater than Mn-Mn F . At the end of this transition hysteresis, the two distances cross over and below 200K, Mn-Mn AF is less than Mn-Mn F . A comparison of the two Mn-Mn distances in Mn 3 SnC and Mn 3 SnC 0.8 reveals that the magnitudes of both Mn-Mn AF and Mn-Mn F are similar in the two samples at low temperature (T < 200K). However, at T > 200K, MnMn AF distance in Mn 3 SnC 0.8 is distinctly larger than that in Mn 3 SnC. A larger Mn-Mn AF distance would imply weaker antiferromagnetic interactions and strengthening the ferromagnetic interactions. This explains the slightly higher ferromagnetic moment on Mn observed in Mn 3 SnC 0.8 from neutron diffraction measurements.
An entirely different temperature evolution of Mn-Mn distances is witnessed for Mn 3 Sn 0.85 C. Here the two Mn-Mn bond distances are never equal, A wide separation between Mn-Mn AF and Mn-Mn F exists at all temperatures and Mn-Mn AF is always less than Mn-Mn F . However, the values of the two Mn-Mn distances at 50K are similar to those in Mn 3 SnC. The similarity of Mn-Mn bond distances in the three compounds, especially at low temperatures agrees well with the similarity of the behavior of their M(T) curves.
A comparison of splitting between Mn-Mn AF and Mn-Mn F bond distances in Mn 3 SnC and Mn 3 SnC 0.8 reveals that the distortions in the Mn 6 C octahedra are of two different types. In the high temperature phase (T > T ms ), both Mn-Mn AF and Mn-Mn F have similar values but less than the Mn-Sn bond distance. Below T ms , the two distances show a wide separation. Though at the lowest temperature examined here, 50K, Mn-Mn F is greater than MnMn AF , in the region of hysteresis Mn-Mn F is shorter than Mn-Mn AF in both Mn 3 SnC and Mn 3 SnC 0.8 . It may be recalled that in this region of transformation, isothermal magnetization loops display a crossover followed by inverted behavior at low applied magnetic field [28] . While the separation between the two Mn-Mn bond distances remains nearly constant in Mn 3 SnC below the region of hysteresis, in Mn 3 SnC 0.8 the separation first increases and then it shows a tendency to decrease. In Mn 3 Sn 0.85 C the difference between the two Mn-Mn bond distances remains nearly constant over the entire temperature range studied here. At 50K, the separation between Mn-Mn bond distances is the least in Mn 3 SnC 0.8 among the three samples studied here. Thus the temperature variation of Mn-Mn bond distances is much more interesting in the C deficient compound than the Sn deficient compound.
Carbon deficiency tends to disturb the equilibrium of octahedral distortions. Due to vacancy at the center of Mn 6 C octahedra, the nearest neighbor and next nearest neighbor Mn-Mn interactions compete with each other causing a dynamical situation that does not allow the octahedral distortions to settle resulting in the observed thermal evolution of Mn-Mn distances and a large region of hysteresis in magnetic properties. This is also revealed by the inverted M(H) loops and time dependent magnetization measurements reported in [28] as well as the large hysteresis in M(T). On the other hand, the cubic cage formed by Sn atoms restrict the distortions of the Mn 6 C octahedra within the unit cell preserving the long range cubic symmetry of the compound. Deficiency of Sn atoms allows for additional space for the Mn 6 C octahedra to relax further resulting in temperature independent values of MnMn bond distances over the entire temperature range. Though the M(T) measurement on Mn 3 Sn 0.85 C also shows presence of hysteresis between warming and cooling curves, the long relaxation time of the lattice as measured from the time dependent magnetization studies and the M(H) curves recorded just below the transformation temperature [28] supports the temperature independent variation of Mn -Mn bond lengths. The reason for hysteresis in M(T) curves of Sn-deficient sample could be due to formation of regions with varying Sn content. Such regions transform at different temperatures leading to the observed hysteresis. Thus the role of Sn or in general the A site atom is to provide a fixed volume cubic cage for the Mn 6 C octahedra. The distortion of these octahedral units are limited to the free volume available depending on the size of the A site atom and its electronic interactions with neighboring atoms.
Conclusion
Thus the present study clearly brings out the role of Sn and C in modulating the strain on the Mn 6 C octahedral units in Mn 3 SnC type antiperovskites. While C atom acts as a pivot point about which the distortions of Mn 6 C oc-tahedra occur, Sn atoms form a restricting cage limiting the distortions and preserving the long range symmetry of the lattice. Absence of C at the center of the octahedra results in a competing structural interactions between nearest Mn atoms along the octahedral edges and next nearest Mn atoms along the diagonal of the Mn 6 C octahedra resulting in increased strain and a wide variation of Mn-Mn distances as a function of temperature. This variation of Mn-Mn distances is responsible for the large thermal hysteresis in magnetization around the magnetostructural transition. On the other hand, a deficiency of Sn results in relaxation of the strain on Mn 6 C octahedra and nearly temperature independent variation of Mn-Mn distances. 
